The purpose of this study was to determine the relative contributions of local element speed and/or spatial displacement to age-related deficits in global motion processing. Motion coherence thresholds (79% correct) were measured for discriminating the direction of translational random dot kinematograms (RDKs) as a function of dot speed and spatial displacement across the adult lifespan (20-79 years). Age-related impairments in global motion processing were only apparent in observers 70-79 years of age. In agreement with previous studies, we found an age-related impairment at low (0.625 deg/s) and high speeds (10 deg/s). However, these effects were heavily mediated by dot spatial displacement. Motion coherence thresholds were also most markedly elevated in women aged over 70 years. These findings suggest a prominent role of spatial integration in global motion processing. Moreover, global motion perception appears to be relatively well preserved until around 70 years of age.
Introduction
The successful execution of a wide range of daily tasks is reliant upon our ability to accurately perceive motion. Motion cues for example, provide important information necessary for self-motion and balance, enabling us to navigate safely and effectively through our environment. Brain damage to motion-sensitive brain areas has a debilitating effect on the ability to carry out a range of fundamental activities from crossing the road to making a cup of tea (Zihl, von Cramon, & Mai, 1983) , markedly impacting everyday quality of life. It is of great concern therefore that many studies report deficits in motion perception in the aged (Andersen & Enriquez, 2006; Bennett, Sekuler, & Sekuler, 2007; Billino, Bremmer, & Gegenfurtner, 2008; Norman, Burton, & Best, 2010; Roudaia et al., 2010; Snowden & Kavanagh, 2006; Tran et al., 1998; Trick & Silverman, 1991; Wojciechowski, Trick, & Steinman, 1995) . This is compounded by evidence that poor vision is one of the leading causes of fall-related injury and injury-related death in the elderly (Harwood, 2001) . Age-associated changes in motion perception are insufficiently explained by degrading optics (e.g. Ball & Sekuler, 1986; Whitaker & Elliott, 1992) , implying a breakdown in the neural pathways underlying motion processing.
Perceptual changes that accompany healthy (i.e. disease-free) aging have been investigated in a number of studies, the results of which reveal impairments in motion detection (Bennett, Sekuler, & Sekuler, 2007; Snowden & Kavanagh, 2006; Tran et al., 1998) , direction identification (Bennett, Sekuler, & Sekuler, 2007) , and speed discrimination (Norman, Burton, & Best, 2010; Snowden & Kavanagh, 2006) . Neurophysiological studies of the aged primate visual system have corroborated these findings, revealing a reduction in the orientation and direction selectivity of cells in visual areas V1, V2 and MT (e.g. Liang et al., 2008; Schmolesky et al., 2000; Yu et al., 2006) . Yang et al. (2009) have also demonstrated that aged MT cells are characterised by broader speed-tuning curves and greater preference for low vs. high speeds. Consistent across these studies is the finding that there is a marked reduction in the signal-to-noise ratios in aged cells Schmolesky et al., 2000; Yang et al., 2009; Yu et al., 2006; Zhang et al., 2008) , suggesting that, with age, it may be more difficult to extract motion signals in the presence of visual noise.
Global motion processing in the aged has received a fair amount of attention in recent years. Global motion patterns are made up of a collection of moving local elements, the individual trajectories of which come together to create a larger global stimulus. Although individual elements move along different local trajectories, their combined (global) direction appears to move coherently in a given direction. To date, the majority of studies that have investigated the existence of age-related changes in global motion perception have done so using patterns in which local dots cohere along a translational (up or down, left or right) trajectory. However, the precise effects of age on the ability to encode motion of this type are presently unclear. Whilst some studies have found evidence for age-related deficits, others have not. This apparent discrepancy in the literature may be due to the speed of RDK patterns employed in each study. Using RDKs of different speeds (0.5-4 deg/s), Snowden and Kavanagh (2006) found that age-related performance deficits on a direction discrimination task were specific to local element speeds below 1 deg/s. At speeds above 1 deg/s, young and old observers performed equivalently. Atchley and Andersen (1998) found minimal evidence of age-related differences in global motion processing when dot speed was 4.8 deg/s. On the other hand, Tran et al. (1998) did find a marked effect of age when local dots moved at 2.5 deg/s. At higher dot speeds, there is compelling evidence of an age-related decline in motion sensitivity. Atchley and Andersen (1998) found evidence of age-related deficits when dot speed was set at 22 deg/s. Other studies (Ball & Sekuler, 1986; Billino, Bremmer, & Gegenfurtner, 2008; Trick & Silverman, 1991; Wojciechowski, Trick, & Steinman, 1995) have also provided evidence of age-related global motion deficits when local dot speed was high, namely 6, 10, 28 and 6.6 or 18.6 deg/s, respectively.
There is also some evidence that deficits in global motion perception in the elderly may be influenced by a reduced ability to integrate visual signals over space. Andersen and Ni (2008) employed a kinetic occlusion task in which observers had to determine the 2D shape of a stimulus whilst the amount of visual information available, and the duration of such information, was manipulated. The results demonstrate that older observers exhibited impaired performance relative to younger observers on tasks that required the spatial integration of kinetic occlusion information. Conversely, older observers did not exhibit any age-related performance deficits in temporal integration. Using a two-frame apparent motion stimulus in which dot spatial displacement and inter-stimulus-interval (ISI) varied, Roudaia et al. (2010) investigated the spatial and temporal integration limits of age-related motion processing deficits. The authors found that spatial displacement had a much greater adverse effect on performance in older adults than the length of the ISIs between frames. This was particularly evident at low and high displacements.
Studies of motion perception that have employed RDK stimuli have often manipulated the speed of apparent motion by changing the spatial offset (displacement) of local dots on each successive frame of the motion sequence whilst keeping the frame rate constant. As such, it is not possible to tease apart the relative contributions of dot speed and spatial displacement. Therefore, the observed age-related deficits at low and high dot speeds could equally reflect deficits in the processing of small and large spatial displacements, and may be indicative of an age-related deficit in spatial integration. In addition, because previous studies have often focused comparisons between two discrete age categories (i.e. young vs. old), with the inclusion criteria for the ''old'' age group varying between studies, the age at which changes in global motion perception become apparent is currently unresolved.
The purpose of the present study was to assess the relative effects of local dot speed and spatial displacement on age-related deficits in global motion processing across the adult lifespan.
Methods

Observers
Fifty-six observers, ranging from 20 to 79 years of age, took part in the study and were grouped by decade. All had normal or corrected-to-normal vision and no history of eye disease. Visual acuity (with spectacle correction if required) was assessed before testing commenced. Mean decimal acuity for each age cohort is included in Table 1 . Older observers (>60 years) were also screened for cognitive impairment using the Mini Mental State Examination (Folstein, Folstein, & McHugh, 1975) . Unless otherwise stated, each observer took part in all experiments. This research adhered to the tenets of the Declaration of Helsinki and was approved by the School of Psychology Ethics Committee at the University of Leicester.
Apparatus and stimuli
Visual acuity was measured using the Freiburg Acuity Task (Bach, 1996) . RDK patterns were generated using the C programming language. Stimuli were generated on a Macintosh G4 and presented on a Formac ProNitron 21/650 CRT monitor (resolution: 1024 Â 768 pixels), with a refresh rate of 75 Hz that was gammacorrected with the aid of internal look-up tables.
RDKs were composed of 100 (30% Michelson contrast) nonoverlapping dots which were presented centrally within a 10°( diameter) circular aperture at a viewing distance of 130 cm. Each dot had a diameter of 0.27°and was presented on a mid-gray background of mean luminance 28.57 cd/m 2 . Each RDK was composed of a sequence of images which, when presented consecutively, produced continuous dot motion (motion sequence). The total duration of each motion sequence was 0.853 s. This was kept constant across all experimental conditions. Each dot was displayed on-screen at a given spatial position for the duration of one frame, after which it moved to a new position. The lifetime of each dot was that of the motion sequence. On the first frame of the motion sequence, dot positions were randomly assigned within the circular aperture. On subsequent frames, dot positions were determined by designating a fixed proportion as 'signal' dots and the remainder as 'noise' dots. Signal dots moved coherently along a translational trajectory and 'noise' dots moved in random directions. Dots moving out of the aperture in one frame reappeared at a new random position within the aperture on the subsequent frame. Signal intensity was defined by the percentage of coherently moving dots.
Experiment 1: varying dot speed/spatial displacement
Previous studies have typically manipulated local dot speed by manipulating the spatial displacement of each dot on each frame of the motion sequence. To compare our findings to previous work, we included an experiment in which dot speed and spatial displacement co-varied from 0.625 to 10 deg/s, and 0.067°to 1.068°, respectively. In this experiment, the motion sequence was made up of eight consecutive images, each 0.107 s in duration. The dot speeds employed are well within the range of those examined previously and include speeds above and below 3 deg/s, which has been shown to be the optimal stimulus speed (Watson & Turano, 1995) . In the present study we classify dot speeds 61.25 deg/s as low, 2.5 deg/s as intermediate and P5 deg/s as high.
Experiment 2: varying dot speed
To assess the effects of dot speed in the absence of potentially confounding effects of dot spatial displacement, dot spatial displacement remained constant across all conditions at 0.267°and dot speed varied from 0.625 to 10 deg/s. This was achieved by manipulating (in octave steps) the number (2-32, respectively) and duration (0.427-0.027 s, respectively) of the individual frames that comprised the motion sequence. All other experimental parameters (including total motion sequence duration) remained unchanged. 
Procedure
Stimuli were viewed binocularly in a darkened room where the monitor display was the only light source. Global motion coherence thresholds were measured using a direction discrimination procedure in which observers had to choose between two alternative directions (up vs. down). Motion coherence thresholds were calculated using an adaptive staircase procedure (Edwards & Badcock, 1995) in which the proportion of signal dots presented on each trial varied according to the observer's recent response history. The staircase terminated after 12 reversals and threshold values (corresponding to 79% correct performance) were taken as the mean of the last six staircase reversals. Each observer completed four staircases and a mean was taken for each experimental condition. Experimental conditions were presented in a pseudorandom order.
Results
Experiment 1: varying dot speed/spatial displacement
Mean motion coherence thresholds (% of signals dots required to produce 79% correct responses) were measured for each age group as a function of local dot speed and spatial displacement (Fig. 1) . Low speeds corresponded to low spatial displacements and high speeds to high spatial displacements. A two-way (speed/spatial displacement, five levels; age, six levels) Analysis of Variance (ANOVA) with a Greenhouse-Geisser correction yielded a significant effect of speed/spatial displacement, (F(2.293, 114.634) = 334.778, p < .001, g 2 p = .870), and age, (F(5, 50) = 6.093, p < .001, g 2 p = .379). The age Â speed/spatial displacement interaction was not significant (F(11.463, 114 .634) = 1.719, p = .075). Furthermore, Bonferroni corrected post hoc analysis revealed that age-related deficits did not impact upon performance (relative to the youngest age cohort À20s) until observers were in their 70s (p < .001).
To confirm that age-related deficits only emerge in the 8th decade of life (i.e. 70s), we examined the 60s and 70s cohorts in more detail. As there were no significant differences between observers aged 20-50 years, the data were collapsed. Difference contrasts confirmed that the 60s cohort did not differ from the younger population (p = .036, not significant at a = .01). However, significant performance differences were observed for the 70s cohort relative to the younger population (p < .001). When the 60's cohort were included in the 'younger' population group, the 70s cohort still differed significantly from the population as a whole (p < .001). To investigate the specificity of age related changes, we compared the results of the 70s cohort with those of the preceding age groups combined (20s-60s). Analysis of variance revealed a significant interaction between the performance of observers in their 70s and that of younger observers (20s-60s) (F(2.498, 134.866) = 3.961, p < .05, g 2 p = .068). Participants in the 70s age cohort exhibited significantly higher motion coherence thresholds than younger observers at each of the speeds/displacements tested (p < .05) (see Table 2 ). Fig. 2 shows mean motion coherence thresholds for each age group as a function of local dot speed. Dot spatial displacement remained constant at 0.267°. A two-way (speed, five levels; age, six levels) ANOVA that was Greenhouse-Geisser corrected for within-subjects effects revealed a main effect of speed (F(3.290, 164 .497,) = 69.547, p < .001, g 2 p = .582) but no effect of age (F(5, 50) = 1.635, p = .168) and no speed Â age interaction (F(16.450, 164 .497) = 1.247, p = .239). Thus, although performance appeared to improve as local dot speed increased, it was not significantly affected by the aging process.
Experiment 2: varying dot speed
3.3. Experiment 3: varying dot spatial displacement Fig. 3a shows mean global motion coherence thresholds for each age group as a function of local dot spatial displacement. Dot speed remained constant at 2.5 deg/s. A two-way (displacement, four levels; age, six levels) ANOVA using a GreenhouseGeisser correction identified a significant effect of displacement, 1 We found that, under the conditions employed in Experiment 3, none of our observers, irrespective of their age, were able to reliably discriminate motion direction at the largest dot displacement used in Experiment 1 (1.068 deg/frame). This is likely due to the correspondence problem (e.g. Williams & Sekuler, 1984) , and was exacerbated by the fact that only 2 images per motion sequence (one dot jump) were required to maintain a speed of 2.5 deg/s when dot displacement was set to 1.068 deg/frame. As such, only four dot displacements were included Experiment 3, the largest of which was 0.534 deg/frame.
performance (relative to the youngest age cohort) until the age of 70 (p < .05). These findings suggest that the speed dependent effects in Experiment 1 were heavily mediated by dot displacement.
To verify the robustness of our findings, we collected data on 16 additional observers in the 60s (n = 8, mean age = 66.7 ± 0.6 years, mean decimal acuity = 0.82 ± 0.11) and 70s (n = 8, mean age = 76.5 ± 1.1 years, mean decimal acuity = 0.75 ± 0.05) age cohorts under the same experimental conditions in Experiment 3. Fig. 3b shows mean global motion coherence thresholds as a function of local dot spatial displacement for observers aged 20-59 years (the original data in Experiment 3), 60-69 years (original and additional data sets: n = 18) and 70-79 years (original and additional data sets: n = 19). As before, difference contrasts confirmed that the 60s cohort did not differ from the younger population (p = .423) but significant performance differences were observed for the 70s cohort relative to the younger population (p < .001). When the 60s cohort was again included in the 'younger' population group, the 70s cohort still differed significantly from the population as a whole (p < .001). ANOVA revealed a significant interaction between spatial displacement and participant age (F(1.943, 135.983) = 3.075, p = .051, g 2 p = .042). t-Tests revealed significant performance differences between observers 20-69 years and 70-79 years at each of the displacements assessed (p < .05). The t-test results for each spatial displacement are given in Table 3 .
The effects of gender
The findings of some studies suggest that global motion perception may be particularly impaired in older women (Atchley & Andersen, 1998; Gilmore et al., 1992; Tran et al., 1998) . However the extent to which older women are impaired, relative to older men is unclear. To investigate this notion in the context of the present study, we compared global motion coherence thresholds for male (closed symbols) and female (open symbols) observers aged 20-59 years, (circles; 17 males and 18 females), 60-69 years (squares; 11 males and 7 females) and 70-79 years (triangles; 9 males and 10 females) as a function of local dot spatial displacement (Fig. 4) . There were no significant differences in performance between males and females aged 20-59 years at any spatial displacement. This was also the case for the 60s cohort, except at 0.067°, the lowest spatial displacement, where motion coherence thresholds were slightly higher in females compared to males (t(16) = À1.926, p < .05). In the 70s cohort, females exhibited markedly higher motion coherence thresholds than their male counterparts. This was especially the case at low spatial displacements (0.067°: t(17) = À1.912, p < 0.05; 0.134°: t(17) = À1.8, p < 0.05).
Our findings that older females were markedly worse than older males under some conditions raise the possibility that the observed age-related effects may have been driven solely by females. To investigate this in more detail, we assessed the effects of age separately in males and females. To do so, we separated the data according to gender. Within each gender, we then collapsed across observers aged 20-59 years and compared their performance to the 60s and 70s cohorts. We found a significant effect of age for males and females. For males, a two-way (displacement, four levels; age, three levels) ANO-VA using a Greenhouse-Geisser correction identified a significant effect of displacement, (F(2.298, 78.128) = 205.256, p < .001, g 2 p = .858) and age (F(2, 34) = 6.585, p < .05, g 2 p = .279). Bonferroni Post hoc analysis revealed that significant performance differences existed in observers aged 70-79 years (p < .05) at displacements of 0.067°, 0.267°and 0.534°(p < .05). For females, a two-way (displacement, four levels; age, three levels) ANOVA using a Greenhouse-Geisser correction identified a significant effect of displacement, (F(1.663, 53.205) = 31.399, p < .001, g 2 p = .495) and age (F(2, 32) = 7.984, p < .05, g 2 p = .333). Bonferroni Post hoc analysis revealed significant effects of age in female observers aged 70-79 years (p < .05). This was the case at all dot spatial displacements (p < .05). As such, although more marked in older females, motion coherence thresholds were deleteriously affected by age in both males and females in their 70s.
Discussion
The findings of the present study have shown that age did not lead to a gradual or general decline in global motion perception. Age-related deficits were only evident in the oldest age cohort (70-79 years), were parameter-dependent and appeared to be more pronounced in females. The findings of Experiment 1 suggested that older observers (70+) were impaired, compared to their younger counterparts, at low and high dot speeds. However, when the relative effects of dot speed (Experiment 2) and dot spatial displacement (Experiment 3) were examined, only variations in spatial displacement yielded differential age effects. When data were analysed on the basis of gender, female observers in their 70s exhibited the most marked deficits, particularly at low dot displacements. The implications of each finding are addressed below.
There is some disagreement regarding whether age-related deficits in global motion processing reflect a gradual decline throughout adulthood or a sudden onset in old age, particularly in the 8th decade of life. This is an important issue because aging studies tend to include a broad range of age cohorts to represent their 'old' sample. Whilst the findings of some studies suggest that global motion perception declines steadily with normal aging (e.g. Billino, Bremmer, & Gegenfurtner, 2008; Trick & Silverman, 1991; Wojciechowski, Trick, & Steinman, 1995) , others (Bennett, Sekuler, & Sekuler, 2007) suggest that global motion perception is relatively well preserved through the adult lifespan, until around 70 years of age. The findings of the present study are agreement with those of Bennett, Sekuler, and Sekuler (2007) and suggest that, at least under the current testing conditions, age-related impairments only manifest themselves after 70 years of age. This finding has important implications for what should be deemed as an 'older sample' in experiments investigating the effects of age on visual processing.
That age-related deficits in global motion perception were heavily mediated by the spatial displacement of the dots that made up the RDK stimulus suggests that the ability to integrate signals over space may be a more fundamental part of motion perception than the ability to integrate signals over time, and more markedly affected by the normal aging process. This notion is in agreement with previous studies that have shown that older adults exhibit impaired performance, relative to their younger counterparts, on tasks that require spatial integration in both stationary (e.g. Roudaia, Bennett, & Sekuler, 2008) and moving displays (e.g. Andersen & Ni, 2008; Roudaia et al., 2010) . Watamaniuk and Sekuler (1992) have examined the temporal integration time for global motion perception in 'normal', i.e. non-aged, vision. In their study, performance for discriminating the direction of global motion was assessed as a function of the duration of the motion sequence (150-1250 ms) by increasing the number of frames from 3 to 25. They found that the temporal integration limit for global motion was around 465 ms, corresponding to 9.3 frames. In Experiment 2 of the present study, we manipulated dot speed by manipulating the number of frames that made up the motion sequence. Specifically, a one-octave increase in speed (within the range 0.625-10 deg/s) corresponded to a one-octave increase in the number of frames (within the range 2-32). As such, in assessing the effects of speed on motion coherence thresholds, we also assessed the effects of the number of frames. As shown in Fig. 2 , we found that motion coherence thresholds decreased initially as speed increased from 0.625 to 2.5 deg/s, after which performance plateaued. This corresponds to an initial improvement in performance as the number of frames increased from 2 to 8, followed by an asymptote between 8 and 16 frames. These findings are in agreement with those reported by Watamaniuk and Sekuler (1992) , despite the differences in other RDK parameters. Moreover, the number of frames over which performance asymptoted was unaffected by age.
The findings of Experiment 3 suggest that, especially in the case of female observers, age may lead to a narrowing of the range over which older observers can integrate moving signal across space. This narrowing appears to be marked by an increase in D min and a decrease in D max , the minimum and maximum spatial displacements over which accurate direction discrimination is possible. Indeed, Roudaia et al. (2010) have recently found age-related reductions in the range of spatial displacements over which motion integration can take place. Hess, Baker, and Zihl (1985) have shown similar findings in the case of a motion blind patient who suffered bilateral damage to motion-sensitive cortical areas. Using a two-frame apparent motion stimulus, they found that D min was around a factor of 3 higher in the motion blind patient compared to control observers and D max was around a factor of 3 lower. In the context of aging, the narrowing of the range of resolvable displacements may reflect age-related changes in the properties of neurons in different parts of the motion-processing pathway. In the case of small displacements, elevated thresholds in the elderly may reflect changes in the properties of area V1 (Baker & Braddick, 1985) and/or age-related deficits in the magnocellular-processing pathway. Deficits at large displacements may reflect age-related changes in V5/MT where it has been shown that D max is largest (van Essen & Maunsell, 1983) . Although our observers were nonglaucomatous, our finding that thresholds were particularly elevated at low dot displacements is comparable to motion processing deficits in glaucoma. Bullimore, Wood, and Swenson (1993) for example found that patients with glaucoma exhibited a larger impairment in motion sensitivity for D min than for D max . In this context, elevated motion coherence thresholds may potentially provide a biomarker for later development of the disease.
A breakdown in intracortical inhibitory circuits (predominately GABA) has been implicated as a cause for the observed reductions in signal-to-noise ratios in aged primates (Leventhal et al., 2003; Schmolesky et al., 2000) and may explain the observed perceptual deficits. However, the contributions of other neurotransmitters to age-related differences have yet to be determined. Given the involvement of higher visual areas (e.g. V5/MT) in global motion perception, age-related deficits on global motion tasks that require the ability to accurately encode changes in the spatial displacement of signal dots may also reflect age-related degradation of velocity-tuned neurons (i.e. neurons tuned to element speed and displacement) in area V5/MT (e.g. Rodman & Albright, 1987; Simoncelli & Heeger, 1994; Treue & Andersen, 1996) . Age-related differences in eye movement patterns may also provide useful insights. For example, the results of eye movement recordings made by O'Connor, Margrain, & Freeman (2010) during a speed discrimination task indicate that older observers may be worse at pursuit.
That women in their 70s appear to be particularly susceptible to age-related deficits in global motion perception supports evidence from previous studies (e.g. Atchley & Andersen, 1998; Gilmore et al., 1992; Tran et al., 1998) and may reflect the importance of sex hormones such as estrogen in age-related deficits in visual perception. Indeed, there is evidence that postmenopausal women exhibit lower contrast sensitivity than premenopausal women and that after menopause, it continues to decline. Moreover, hormone replacement therapy has been shown to lead to contrast sensitivity improvements (Siesky et al., 2008) .
In conclusion, the present findings indicate that age-related deficits in global motion perception are best described as being parameter-dependent (in this case specific to dot spatial displacement) rather than being representative of a general age-related perceptual decline. They also suggest that the neural mechanisms underlying spatial integration in global motion perception are relatively well preserved in later stages of life, at least until the age of 70 years. This finding has important implications in terms of how 'old' populations are defined in aging studies, in that the inclusion criteria for such populations should be selected with caution, as a broader age range (i.e. <70 years) may lead to an underestimation of perceptual deficits. Moreover, women in their 70s seem to be more deleteriously affected by age than their male counterparts, highlighting the potential importance of sex hormones in visual perception.
